ABSTRACT We measured the conduction characteristics at the epicardial surface of the left anterior ventricular wall in the in situ canine heart before and 3 to 5 days (n = 9 dogs) after permanent occlusion of the left anterior descending coronary artery (LAD). During ventricular stimulation generating wavefronts conducted along the longitudinal or the transverse fiber direction, 61 unipolar electrograms were recorded with a fine-meshed plaque electrode. Before occlusion, the fastest conduction velocity was consistently found in a direction perpendicular to the nearby LAD segment (longitudinal direction), and the slowest velocity in a direction parallel to the LAD segment (transverse fiber direction). In 3-to 5-day-old infarct preparations, a layer of subepicardial muscle with 1 to 3 mm thickness survived over necrotic tissue. The velocities and directions of fast and of slow conduction measured in ischemic subepicardial muscle were not significantly different from preocclusion values during stimulation at a basic rate, but excitability was found to be depressed in response to premature stimuli. Premature impulses initiated in nonischemic myocardium and conducted into ischemic tissue in the longitudinal or in the transverse directions induced sustained ( > 100 beats) monomorphic tachycardias during which figure-eight activation patterns were mapped with sock-array electrodes. During these tachycardias, the direction of the common reentrant wavefront of the figure-eight pattern was preferentially oriented along the longitudinal fiber direction, independently of the direction of the initiating impulse. When polymorphic beats were induced, tachycardia terminated spontaneously within 20 beats, or changed to a monomorphic pattern, as described above. In conclusion, the anisotropic organization of surviving subepicardial muscle overlying an infarct provides a spatial constraint that determines a preferential direction of reentrant propagation and may contribute to sustaining monomorphic tachycardia. Circulation 77, No. 5, 1162-1176 , 1988 REENTRANT ventricular arrhythmias can be induced by programmed electrical stimulation of canine hearts during the first week or later after permanent occlusion of the left anterior descending coronary artery (LAD) or after an occlusion-reperfusion procedure. In the permanent occlusion preparation, morphologic examination reveals anteroseptal infarction and survival of a subepicardial layer of muscle overlying necrotic tissue on the anterior wall of the left ventricle.1-4 This subepicardial muscle has endured some degree of ischemia, but it is capable of active conduction. This struc-
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LABORATORY INVESTIGATION-VENTRICULAR TACHYCARDIA wise and counterclockwise directions, respectively, around two arcs of functional dissociation. The wavefronts merge again into a common reentrant wavefront in the late part of the cycle. The depression of excitability and of conduction required to set up this reentrant circuit are caused, at least partly, by membrane depolarization and depression of the sodium current in ischemic myocardium.4' ' Accordingly, Gough et al.1" reported that unidirectional block occurred in areas with prolonged refractory periods.
It has been suggested that, in addition to this depression of membrane excitability, the cellular arrangement of the surviving subepicardial muscle may play a role in the generation of reentrant arrhythmias.9 12 This hypothesis is based largely on the concept of Spach and Dolber13 that anisotropic passive properties of cardiac muscle per se may provide the spatial nonuniformity required to produce reentry, as a factor distinct from spatial inhomogeneities of the recovery of membrane excitability. It is well known that the conduction velocity is relatively higher along the longitudinal axis of the cells and lower along the transverse axis. However, the experimental observations and theoretical considerations of these authors suggest that, under certain circumstances, block ofpremature impulses is more prone to occur in the longitudinal direction, while the safety factor of propagation is higher in the transverse direction. 14 The possibility that anisotropic conduction might play a role in induction or perpetuation of reentrant tachycardia in canine preparations with permanent occlusion exists. Ursell et al. 4 found that subepicardial muscle excised either from normal or infarcted hearts (1, 5 , or 14 days after occlusion) and superfused in vitro displayed a similar anisotropic cellular arrangement. Using the LAD as an anatomic landmark, they measured the most rapid conduction velocity in the direction perpendicular to the LAD segment of their preparations, and the slowest velocity in the direction parallel to the LAD. The long axis of the subepicardial fibers was perpendicular to the LAD.
In the present study we measured, in the canine heart in situ, the conduction characteristics of subepicardial muscle on the anterior wall of the left ventricle before and 3 to 5 days after permanent occlusion of the LAD. During reentrant tachycardia with the figure-eight activation pattern induced after occlusion, the anisotropic conduction characteristics of the subepicardial ischemic tissue favored its functional dissociation into two paths of circulation and a common reentrant pathway that was aligned preferentially along the direction corresponding to the longitudinal fiber axis.
Methods
Preparations and protocol. The canine preparation of 3-to 5-day-old myocardial infarction used in the present study has been previously reported3 and will be described only briefly here. Mongrel dogs weighing 25 to 35 kg were anesthetized with sodium pentothal (25 mg/kg iv, followed by infusion of 8 mg/kg/hr). By a sterile technique the heart was exposed through a left thoracotomy at the fourth intercostal space; the pericardium was incised. In 13 dogs, a plaque electrode was positioned over the anterior wall of the left ventricle to make a preocclusion measurement of the conduction characteristics of subepicardial myocardium (see below, measurement of conduction characteristics) in the area supplied by the LAD. Anatomic landmarks precisely indicating the plaque location (branches of the LAD, etc.) were noted. The plaque electrode was then removed, and the LAD was ligated about 1 cm from its origin by a two-step Harris procedure. The animals were pretreated with methylprednisolone (30 mg/kg iv) before occlusion, a procedure that enhances the inducibility of reentrant tachycardia in canine preparations of myocardial infarction.'5 The pericardium and chest were closed, and postoperative analgesic (fentanyl and droperidol im) and antibiotic (penicillin G iv infusion) were given. Four of 13 dogs died suddenly within 24 hr after the occlusion. The nine surviving dogs were studied 3 to 5 days after coronary occlusion.
On the day of study, the surviving dogs were anesthetized with sodium pentothal (15 mg/kg iv) and chloralose (60 mg/kg iv).
The chest was opened through the initial incision and the heart was suspended in a pericardial cradle. Measurement of the conduction characteristics of subepicardial myocardium was repeated in the same area as initially investigated with the plaque electrode, which was then removed. A sock electrode was positioned over the heart and sutured in place, and the animals were then subjected to programmed electrical stimulation to induce ventricular tachycardia (see below, programmed stimulation). The plaque electrode allowed high resolution recording for the precise measurement of conduction characteristics, while the sock electrode served to determine, for selected beats during programmed stimulation and tachycardia, the global epicardial activation sequence in the region of infarction or over the entire surface of the ventricles (see below, epicardial mapping).
After the electrophysiologic study, each heart was removed from the chest cavity, suspended in a container filled with a 20% gelatin solution and refrigerated overnight. On the next day, the heart-gelatin mold was cut into 5 mm thick slices with a meat slicer. The slices were incubated at 370 C for 45 min in a buffered triphenyl tetrazolium chloride (TTC) solution. The necrotic tissue was identified as the negative ITC stain area.'6 Alternatively, some hearts were preserved in 10% formalin and were sliced several days or weeks later; in these cases, the necrotic tissue was identified on the basis of its dark coloration. Each slice was traced on a clear plastic sheet and necrotic and noninfarcted areas were indicated and measured by planimetry. figure 1, site 1) , or onto the left ventricle near to the basal margin of the region of infarction (site 2). Ten driving stimuli (S,) and from one to three extrastimuli (S2j S3, and S4) were delivered to either of these sites. The stimuli were constant-current pulses of three msec duration and three times threshold intensity (BM-SCP programmable stimulator, Institut de Genie biomedical, Ecole Polytechnique de Montreal). The trains of S1 stimuli were applied in repetition after 12 sinus beats at a cycle length 50 msec shorter than the sinus period, and S2 followed at progressively shorter coupling intervals in 5 figure 1, sites a, b , and c), as reported by others.22
In the present report, the characteristics of monomorphic tachycardia are emphasized, since reentry with a figure-eight activation pattern was consistently mapped during this arrhythmia (see below). The patterns observed during polymorphic and brief runs of tachycardia were usually not consistent with a subepicardial reentry mechanism. Monomorphic tachycardia was induced in eight of 12 preparations by application of programmed stimuli near the septal margin of the ischemic region (see figure 1, site 1) . In four of these 12 preparations, we repeated programmed stimulation, but applied the stimuli near the basal margin ( figure 1, site 2) . Of the four preparations in which programmed stimulation was applied at both sites in succession, monomorphic tachycardia was inducible by programmed stimulation at either site in three preparations, and this arrhythmia was not inducible at all in the fourth. In another preparation, only the stimulation site near the basal border was tested, and monomorphic tachycardia was induced. In summary, monomorphic tachycardia was inducible by programmed stimulation applied near the septal margin of the ischemic region as well as near its basal margin.
Mapping of monomorphic tachycardia induced by premature impulses conducted in the longitudinal direction. To facilitate description of the activation maps, let us distinguish four ischemic margins: septal, basal, lateral, and apical, as indicated in 3, top left. When programmed stimulation was applied on the anterior aspect of the right ventricle, the impulses were conducted into the ischemic region from its septal margin.
Responses to a basic train of stimuli (S,) were fully conducted (figure 3, top right panel), whereas closely coupled premature impulses were conducted more slowly (S2, bottom left panel). In the preparation shown in figure 3, figure 3 ) corresponded approximately to the longitudinal direction, since its angle 0 was 80 degrees with reference to the nearby LAD segment. Figure 4 shows the same map of tachycardia as in figure 3 grade propagation, i.e., from site 2 (16 msec) to sites 3 and 4 (36 msec), and to 5 (118 msec), and the nearby common reentrant pathway, i.e., from site 6 (162 msec) to 7 (170 msec), to 8 (188 msec) and back to 1 (200/0). Thus, the wavefront was conducted in opposite directions along these nearby but dissociated pathways. There were marked differences in the timing of excitation between side-by-side recording sites belonging to each pathway (152 msec between sites 3 and 8; 134 msec between 4 and 7), leading to bunching of computer-interpolated isochronal lines. The septal-apical pathway and the common reentrant pathway were similarly dissociated from each other. In this preparation, sites failing to display local excitation were not detected between these paths, but some were found in other preparations (see below and figure 6). Functional dissociation was oriented such that the direction of the common reentrant pathway correVol. 77, No. 5, May 1988 sponded to the longitudinal fiber direction. In eight preparations in which monomorphic tachycardia was induced by premature impulses conducted in the longitudinal direction from the septal margin, the values of 0 ranged between 69 and 115 degrees, with a mean of 90 4.9 degrees. These tachycardias were sustained, lasting for several hundred beats. toward the apex along the septal-apical margin (left hand arrow to the 130 msec line) and along the lateral margin (right hand arrow to the 80 msec line).
In the response to S3 (figure 5, top right ), the area of block or inexcitability became larger, extending over the entire apical margin. Wavefronts were conducted along the septal margin and the lateral margin (arrows) and reached, at 94 msec, sites just distal to the initial block, producing reexcitation of the site of stimulation at 100 msec, and initiating the first beat of tachycardia (VT1, bottom left panel -continuous timing with S3 panel). Again, two wavefronts spread around inexcitable areas along the septal and lateral margins, and back toward the basal margin (230 msec), initiating the next cycle (lower middle panel -VT2). The direction of the common reentrant pathway (propagation between the 230 and 240 msec isochronal lines) corresponded approximately to the transverse direction; its angle 0 was 10 degrees.
The activation sequence in VT2 and in the next few beats was similar, but it changed to a different, more stable pattern when the tachycardia became sustained and monomorphic, as shown in the figure 5, bottom right (VTm). At the onset of each tachycardia cycle (0), a wavefront broke out at the septal margin of the region of infarction and propagated along the lateral margin into the center of the region of infarction (right-hand arrow). It then circulated back in the retrograde direction and reached the septal margin at the onset of the next cycle. In fact, we may consider that = 300 msec), double premature impulses (S1-S2 = 150 msec; S2-S3 = 130 msec), and the induction of ventricular tachycardia. The early beats of tachycardia were followed by sustained monomorphic tachycardia, VTm, that lasted for more than 10 min. The vertical bars indicate two 1 sec windows during which certain beats were selected, as indicated by a horizontal bar in the inset over each map. Isochronal maps were drawn at 10 msec intervals for the responses to S1. S2, S3, 2 early beats of tachycardia (VT1 and VT2), and a beat of VTm. Premature stimulation (S2 and S3) produced extensive inexcitability in the ischemic region (dash) and slow conduction along its septal and lateral margins (arrows). The direction of the common reentrant pathway of the figure-eight pattern corresponded approximately to the transverse direction in VT1 and VT2 (0 = 10 degrees). During sustained and monomorphic tachycardia (VTm), the common reentrant wavefront was realigned along the longitudinal direction, with 0 = 80 degrees. B, The electrocardiogram shows induction of polymorphic ventricular tachycardia that was not sustained.
this map displays a figure-eight pattern, if we assume that a second wavefront (left-hand arrow) was circulating outside of the recording electrode array along the posterior apical aspect of the left ventricle, as evidenced by activation points at 38 and 62 msec. The direction 0 of the common reentrant wavefront conducted from the center of the ischemic region back to the septal margin was 80 degrees, i.e., in approximately the longitudinal direction (see below, figure 6 ).
Note that VTm was sustained, lasting for over 10 min before converting to sinus rhythm. After other applications of a similar stimulation protocol in this prepVol. 77, No. 5, May 1988 aration ( figure 5, B) , tachycardias displayed patterns of activity similar to those of the early beats in figure   5 ,A (VT1 and VT2), but did not lead to the pattern seen in VTm. These tachycardias (figure 5, B) lasted tor 6 to 18 beats before converting to sinus rhythm.
In addition to mapping VTm with the sock electrode in this experiment, we made recordings with the plaque electrode in the same position as when it was used to determine the anisotropic conduction characteristics (figure 6, inset), thereby establishing a close correspondence between the direction of relatively fast conduction during pacing (figure 6, A) and the common reentrant pathway during tachycardia ( figure 6, B) . figure 2 , A, displays a breakthrough pattern beyond the 60 msec isochronal line that is suggestive of this situation. In addition, since the muscle fiber orientation in the left ventricular wall is progressively shifted by about 180 degrees when going from epicardium to endocardium,17 it is possible that the ratio of conduction velocities measured at the epicardium might be reduced by participation of intramural fibers with a different orientation. This would not occur in the situation in vitro in which relatively thin sheets of muscle are dissected and only about 1 mm survive because of limited diffusion of the superfusate. In this regard, it is interesting to note that the conduction time of transverse propagation was greater after occlusion in some experiments (e.g., figure 2 , B, middle map), at a time when the bulk of intramural muscle had become necrotic.
In the present study, the respective contributions of depressed excitability and of cellular uncoupling to an increased electrical inhomogeneity of the ischemic subepicardium are not clear. It is noteworthy that the propagation velocity was reduced in both the longitudinal and the transverse directions in some experiments (table 1, cases 1, 6, 10, and 13), but in the transverse direction only in others (cases 4 and 5), and that premature stimulation of ischemic myocardium often failed to induce a response (table 1, cases 5, 6, 9, 10, and 13).
During sinus rhythm or ventricular pacing at a basic rate, the entire ischemic region was activated, except in a minority of preparations in which patches of truly transmural necrosis were seen. Functional dissociation of the ischemic region was produced by double or triple closely coupled premature impulses initiated in nonischemic myocardium, leading to reentrant tachycardia with a figure-eight activation pattern. The dissociation between the common reentrant pathway and each of the two circulating wavefronts was manifest either as conduction around one or several recording sites failing to display local activity (figure 6), or as marked differences in activation times at neighboring recording sites, with activation sequences occurring in opposite directions on either side (figure 4). In the latter case, bunching of computer-interpolated isochronal lines was seen. We can interpret this as though conduction was blocked, assuming that sites failing to display local activity existed but failed to be detected because of the limited resolution of the electrode array. The situation in which tissue between the common reentrant pathway and the paths of anterograde propagation would have become functionally inexcitable might be similar to the situation described by Allessie et The main result of the present study was that the direction of the common reentrant wavefront displayed a preferential spatial alignment that corresponded to the longitudinal fiber axis. This spatial orientation was independent of the site of application of programmed stimuli. In fact, the pattern seen in the early beats of tachycardia in figure 5 , A, displayed a figure-eight reentrant pattern with the common reentrant pathway along the transverse direction. This pattern either terminated spontaneously ( figure 5, B) or became sustained once the orientation of the reentrant pathway had changed spontaneously to the longitudinal direction ( figure 5, A) .
Conduction of the common reentrant wavefront probably occurs with near-liminal current strength. It is the weak limb of reentrant activity with a figure-eight activation pattern, as exemplified by termination of tachycardia when the common reentrant wavefront dies out. Considering Spach's concept that the safety factor of propagation is higher in the transverse direction 13, 14, 23 it is puzzling that near-liminal conduction aligns itself preferentially along the longitudinal direction. One line of thought is to analyze this preferential alignment of functional dissociation in terms of the propensity of unidirectional block and reentrant propagation to occur in the longitudinal direction at the onset of tachycardia. Wit et al. 26 and Richards et al.12 have suggested that unidirectional block of premature impulses initiating tachycardia may be more prone to occur in the longitudinal direction. On the other hand, van Capelle27 found, in a computersimulated model, that conduction of premature impulses failed in the transverse direction while persisting in the longitudinal direction. In the light of the present study, evidence that anisotropic properties determine the direction of reentrant propagation during the initiating premature impulse is not entirely satisfactory, since we observed that this direction could change spontaneously to the longitudinal direction after having been initiated in the transverse direction (figure 5) or after a series of polymorphic beats.
Thus, the mechanism of this preferential orientation of the slow common wavefront along the longitudinal direction remains a matter of speculation. It is possible that, for some reason, ischemic tissue displays a propensity to become functionally dissociated in the transverse direction. In this respect, it will be crucial to clarify the nature of functional dissociation between reentrant pathways, as discussed above.
Our data show that reentrant propagation is subjected to a spatial constraint that can be identified with the measured anisotropic conduction characteristics and known anatomic fiber orientation of the supporting substratum. While the present study indicates that the myocardial anisotropy may, at the very least, add a spatial constraint on the orientation of reentrant propagation, further studies in the experimental laboratory and computer simulations are needed to determine the precise role of tissue anisotropy in unidirectional block, slow conduction, and perhaps more crucially, in functional dissociation of ischemic tissue into distinct pathways.
